We use a new broadband spectroscopic technique to measure ultrafast changes in the dielectric function of a material over the spectral range 1.5Ð3.5 eV following intense 70-fs laser excitation. The results reveal the nature of the phase transformations which occur in the material following excitation. We studied the response of GaAs and Si. For GaAs, there are three distinct regimes of behavior as the pump ßuence is increased Ñ lattice heating, lattice disordering, and a semiconductor-to-metal transition.
INTRODUCTION
Ultrashort pulses incident on a material excite a dense plasma is complete well before signiÞcant heating occurs; thus the electrons and the lattice are far from equilibrium. Furthermore, the timescale for the excitation, i.e. , the pulse duration, is much shorter than that for electronic or thermal diffusion, so that all of the pulse energy is deposited within the optical absorption depth. These features enable improvements in laser processing of materials and micromachining; femtosecond pulses can cause optical damage or ablation with lower pulse energies, create smaller and more clearly deÞned damage zones, and produce more consistent features from shot to shot [1] . Optical breakdown with femtosecond pulses has been studied in metals, semiconductors, transparent solids, liquids and biological tissue [1] .
Femtosecond pulses also permit observation of the dynamics of these laser-induced transitions. Over the past two decades, many researchers have studied ultrafast dynamics in semiconductors following laser excitation of carrier densities between 10 16 and 10 21 cm Ð3 [2] . The Þrst studies of laser-excited semiconductors at high energy density used reßectivity and second harmonic generation and showed evidence of rapid changes in the material (within a few hundred femtoseconds) [3] . However, the nature of the material changes cannot be extracted from the results of these experiments. Recent measurements of the dielectric constant [4] and second-order susceptibility [5] , which are fundamental optical properties of the material, have shown that the observed changes result mainly from modiÞcations to the bandstructure.
In this paper, we present time-resolved measurements of the dielectric function e ( w ) of semiconductors across the spectral range from the near-infrared to the ultraviolet. In contrast to single-frequency optical measurements, spectral data for the dielectric function enables us to identify the nature of the changes occurring in a material as a function of time. The paper is organized as follows. First, we describe the experimental technique used to measure the dielectric function spectra. Then we present the material changes observed in GaAs following intense femtosecond laser excitation, as well as preliminary results for Si. The observations add new understanding of the ultrafast electronic and structural dynamics induced by the laser excitation. However, only some aspects of these interesting dynamics will be discussed in this paper; a fuller account will appear elsewhere [6] .
EXPERIMENT
We use a pump-probe technique to measure ε ( ω ) with 100-fs time resolution over a photon energy range from 1.5 to 3.5 eV. The sample is excited by a 70-fs, 1.9-eV (635-nm) pump pulse and is probed by a 1.5-3.5 eV (820-350 nm) broadband pulse. The time delay between pump and probe pulses can be varied. The probe is focussed more tightly than the pump to monitor a uniformly excited region of the sample.
Finding the Dielectric Function
To determine both the real and imaginary parts of the dielectric function of a material, we measure the spectral reflectivity for two different angles of incidence of the probe light. For GaAs, high sensitivity to changes in ε ( ω ) is obtained when we measure reflectivity for ppolarized light at 58 ° and 75 ° . For Si, it is necessary to increase the larger angle of incidence to 80 ° , largely because Re[ ε ( ω )] reaches much higher values in Si than in GaAs. The dielectric function is obtained by numerically inverting the Fresnel reflectivity formulae. If the material oxidizes in air, as is the case for GaAs and Si, we use a three-phase air-oxide-substrate model in converting the reflectivity data to values of the dielectric function.
Measuring Reflectivity Spectra
We create 200-mJ, 1.9-eV pump pulses and 20-mJ, 2.2-eV probe pulses using a collidingpulse-modelocked (CPM) oscillator and a two-color dye amplifier described before [4, 5] . In order to obtain spectral data from 1.5 to 3.5 eV in a single shot, we generate broadband probe pulses via white-light generation by tightly focussing the 2.2-eV pulses using a 50-mm lens into the center of a 2-mm-thick CaF 2 crystal [7] . (See Fig. 1 .) The white-light continuum is produced in a wide cone, which is collimated by an off-axis paraboloid mirror (rather than a lens) to avoid spectral dispersion.
There are several difficulties in working with the white-light probe. First, the beam is not diffraction-limited due to strong self-focussing in the CaF 2 , and cannot be focussed well. To circumvent this problem we use a pinhole to select a small central portion of the beam and image this pinhole onto the sample. Second, the probe pulse has a 7-ns background due to amplified spontaneous emission (ASE) in the amplifier. Since the ASE is not intense enough to be affected by the CaF 2 , it remains in the central part of the beam. Thus, to completely remove the ASE we use an absorbing disk on a thin (180-mm) fused silica substrate -an "inverse iris" -to block only the center of the beam.
Third, different frequencies in the probe pulse arrive at the sample at different times due to dispersion in the CaF 2 crystal. We determined this temporal dispersion using sum-frequency generation of the probe with the pump pulse in a thin nonlinear BBO crystal at the sample location. The results presented below are corrected for the measured dispersion by temporally shifting the data at each frequency.
The setup for measuring reflectivity spectra is shown schematically in Fig. 2 . Fifteen percent of the probe pulse is split off with a sapphire disk. This reference beam is guided around the sample and directed nearly colinearly to, but slightly above, the probe beam reflected from the sample. Both beams pass through a Glan-Taylor polarizer and a set of filters which flatten the probe spectrum. Finally, the two beams are focussed (slightly vertically displaced) onto the entrance slit of an imaging spectrometer, and the spectra of the reflected and reference pulses are measured with a CCD camera at the output. The spectrometer uses a prism rather than a grating because the white light spans more than a factor of two in wavelength.
RESULTS

Gallium Arsenide (GaAs)
As a test of the technique, we measured the dielectric function ε ( ω ) of GaAs when the probe pulse precedes the pump pulse. It shows excellent agreement with the published value of ε ( ω ) for GaAs determined from ellipsometric measurements [8] . This confirms the validity of the technique, and also demonstrates that the pump pulse does not contribute to the measured signal.
The response of GaAs to laser excitation depends strongly on the incident fluence. Above a threshold F th = 1.0 kJ/m 2 we observe permanent alterations under an optical microscope. To avoid making measurements on a previously irradiated spot, we translate the sample between laser shots.
1. Low fluence range (< 0.5 F th ) Figure 3 shows the dielectric function of GaAs 500 fs and 4 ps after excitation by a pulse of 0.45 F th , representative of the low fluence range. The error bars correspond to a 5% uncertainty in the reflectivity measurements. The solid and dashed curves in Fig. 3 a represent the real and imaginary parts of the dielectric function of unpumped GaAs [8] . The data at 4.4 eV were measured in a previous single frequency experiment [4] .
At a delay of 500 fs, the data display a drop in the real part and a broadening in the imaginary part of the dielectric function. By 4 ps, ε ( ω ) has partly recovered, and agrees well with ellipsometric measurements of the dielectric function of GaAs at 770 K [9] shown by the solid and dashed curves in Fig. 3 b . From 4 ps on, we can fit the data taken at fluences up to 0.5 F th with published dielectric functions for GaAs at temperatures up to 780 K [9] . The lattice temperatures obtained from these fits are shown in Fig. 4 as a function of time delay for three different pump fluences. As is to be expected, the lattice temperature increases with increasing fluence. Exponential fits to the data for 0.2 F th and 0.35 F th yield a rise time of about 7 ps. In the first 2 ps our data cannot be fit with a dielectric function of heated GaAs, because the dielectric function on this time scale is affected by the excited free carriers and not just by lattice heating. As shown in Fig. 5 , changes in ε ( ω ) are much more pronounced at 0.70 F th . By 4 ps, the imaginary part is broadly spread out while the real part shows a negative slope in frequency across most of the spectral range. The dielectric function resembles that of amorphous GaAs, [10] represented by the curves in Fig. 5 b , which suggests that the material has become disordered. The conclusion that the lattice disorders is consistent with our previous measurements of the second-order optical susceptibility, which indicate a loss of long-range order over this fluence range [5] .
Note that the measured ε ( ω ) does not agree well with that of high temperature GaAs; nor can we fit it well using a model involving a thin layer of liquid on bulk GaAs. Heating, however, certainly occurs in this fluence range, and may account for the difference between the measured ε ( ω ) and the room temperature dielectric function of amorphous GaAs. Furthermore, although the material is disordered, it is unlikely to be exactly the same as in the amorphous state.
High fluence range (> 0.8 F th )
Above 0.8 F th , the real part of the dielectric function becomes negative within the observed spectral range. Figure 6 shows ε ( ω ) at 1.6 F th . At 500 fs, the real part is negative above 2.7 eV, indicating that most of the oscillator strength has now moved from an initial value of 4.75 eV to below 2.7 eV. By 4 ps, the zero-crossing of the real part has shifted to well below 2 eV. The data below 1.8 eV lie in a region of dielectric function space where the reflectivity is not very sensitive to changes in ε ( ω ) and hence the uncertainty in ε ( ω ) is large. The curves in Fig. 6 b show a fit to a Drude model, [4] yielding a 12-eV plasma frequency and a 0.2-fs free-carrier relaxation time. The large plasma frequency shows that nearly all the valence electrons in GaAs are behaving as free carriers, indicating that a semiconductor-tometal transition has occurred. We observe this transition for fluences above 0.8 F th ; the transition occurs faster at higher fluence.
The semiconductor-to-metal transition is too fast to be thermal in nature; there is insufficient time for the density changes associated with normal melting to take place. On the other hand, it is too slow to be solely caused by free-carrier effects, which would be maximal immediately after excitation. The decrease of the gap over several picoseconds is consistent with theoretical predictions of an ultrafast structural transition resulting from destabilization of the covalent bonds between the atoms by the laser excitation [11] .
Silicon (Si)
We are currently investigating the response of Si to femtosecond laser excitation. The results suggest a pattern of behavior similar to that observed in GaAs. There are three regimes of behavior for Si depending on the strength of the excitation. Also, the threshold for permanent change in Si is about the same as in GaAs. In the low fluence regime, which extends up to about 0.7 F th , we observe dielectric functions similar to those for heated Si several picoseconds after excitation. Above the threshold F th , the zero crossing of Re[ ε ( ω )] decreases with time after the excitation, and the real part is negative across the entire frequency range after a few picoseconds, indicating a transition to a metallic state.
CONCLUSIONS
We have demonstrated a new technique for measuring changes in the dielectric function of a material from 1.5 to 3.5 eV with 100-fs temporal resolution. These spectral dielectric function measurements reveal the nature of phase changes occurring in materials following intense femtosecond laser excitation. We have shown that the responses of GaAs and Si depend strongly on the excitation strength. In particular, for strong excitation (above 0.8 kJ/ m 2 in GaAs, corresponding to excitation of 10% of the valence electrons), there is a semiconductor-to-metal transition which we attribute to an ultrafast, non-thermal structural transition. The technique can be extended to probe the dielectric function in different spectral regions and to study ultrafast dynamics in a wide variety of materials.
